Plant-based polysaccharides (cellulose and hemicellulose) are a very interesting option for the preparation of sustainable composite materials to replace fossil plastics, but the optimum bonding mechanism between the hard and soft components is still not well known. In this work, composite films made of cellulose nanofibrils (CNF) and various modified and unmodified polysaccharides (galactoglucomannan, GGM; hydrolyzed and oxidized guar gum, GGhydHox; and guar gum grafted with polyethylene glycol, GG-g-PEG) were characterized from the nano-to macroscopic level to better understand how the interactions between the composite components at nano/microscale affect macroscopic mechanical properties, like toughness and strength. All the polysaccharides studied adsorbed well on CNF, although with different adsorption rates, as measured by quartz crystal microbalance with dissipation monitoring (QCM-D). Direct surface and friction force experiments using the colloidal probe technique revealed that the adsorbed polysaccharides provided repulsive forces-well described by a polyelectrolyte brush model -and a moderate reduction in friction between cellulose surfaces, which may prevent CNF aggregates during composite formation and, consequently, enhance the strength of dry films. High affinity for cellulose and moderate hydration were found to be important requirements for polysaccharides to improve the mechanical properties of CNF-based composites in wet conditions. The results of this work provide fundamental information on hemicellulose-cellulose interactions and can support the development of polysaccharide-based materials for different packaging and medical applications.
biocomposites from nanocellulose, hemicelluloses, and mannans to replace fossil-based materials, and to be used for high-end applications.
Hemicelluloses are short-chain polysaccharides bound to cellulose in plant cell walls [1] . In the plant cell wall the cellulose molecules are assembled into long fibrils and the fibrils are assembled into layers with systematic order and packed together into larger fibers. The hemicelluloses are located on the cellulose fibril surface and bind the cellulose together with lignin. The cellulose fibrils and fibers provide structural support to plants and are responsible for wood strength. Cellulose pulp can be obtained from plant cell walls, and wood-based cellulose nanofibrils (CNF) can be obtained from cellulose pulp by mechanical disintegration, usually combined with chemical or enzymatic treatments [2] . The nanocelluloses obtained are structures with dimensions of few nanometers in width and from tens of nanometers to a few micrometers in length.
Cellulose and hemicellulose (interfacial) interactions in the cell wall play an important role in the excellent tensile properties (e.g. flexibility) of wood-based materials [1] . Few research groups so far have addressed the need to understand these interactions. Nevertheless, a deeper understanding of cellulose-hemicellulose interactions and how polysaccharide modifications affect those interactions would aid the design of tailored composites with optimal properties [3, 1] . Seminal studies in the topic often include model surface adsorption studies using the quartz crystal microbalance with dissipation monitoring (QCM-D) combined with interfacial interaction studies using colloidal probe microscopy (CPM) [4, 5, 6, 3] . In these studies, it has been noted that DLVO theory (formulated by Derjaguin, Landau, Verwey, and Overbeek, it considers that the interactions between two charged surfaces in a medium can be described as a sum of the van der Waals forces and the electrostatic double layer forces) explains quite well the interactions in simple systems such as forces between two cellulose surfaces [7, 8] . In cases where adsorbed polymers are present, DLVO theory has been used to explain the long-range decay of the force profile by assigning the plane of charge to suitable separation [4] ; however, short-range interactions in these systems have often been explained only qualitatively, and generally attributed to steric interactions.
Cellulose, and CNF in particular, is considered to have substantial potential in packing and medical applications [9, 10] . Hemicelluloses are used as filler material and dietary fibers in the pharmaceutical and food industries and they are good binders and stabilizers in paper manufacturing [11] . The preparation of natural polysaccharide-cellulose composites, where CNF is used as a reinforcing component, has been investigated for the replacement of synthetic polymers in different biomimetic approaches [12, 13, 14, 15, 16] . In order to enhance the composite properties (stiffness and toughness) and compatibility between the components, the polysaccharides have often been chemically modified following different strategies, for example, TEMPO-mediated oxidation [17] . Water soluble polysaccharides from plants have also been combined with calcium phosphate or acrylamide to obtain scaffolds for bone regeneration or materials with improved thermal stability, respectively [18, 19] .
Despite the interest in CNF and hemicellulose based nanocomposites and the importance of cellulose-hemicellulose binding in the plant cell wall, there is a lack of understanding of the interactions between these biopolymers, and more specifically, how these interactions correlate with mechanical properties of bionanocomposites. Hence, the interactions of CNF with several watersoluble polysaccharides subjected to different modifications are studied in this work, and the results are compared with previously published works to unravel the factors affecting cellulosehemicellulose binding. The adsorption of galactoglucomannan (GGM), hydrolyzed and oxidized guar gum (GGhydHox), and guar gum grafted with polyethylene glycol (GG-g-PEG), on CNF thin films was studied by QCM-D. The interaction forces and friction of these polysaccharides with cellulose surfaces at micro/nanoscale were analyzed by CPM using an atomic force microscope. The mechanical properties of free standing polysaccharide-CNF films were also characterized using tensile testing as an attempt to correlate the interactions at micro/nanoscale with the macroscopic properties of composites. Here we have chosen to use galactose oxidase [20] for the oxidation of GG, since it is often used in hydrogels and in aerogels with CNF [21] . The information gathered in this work can support the design and optimization of new, environmentally friendly, polysaccharide-based materials.
Materials and methods

Materials
Cellulose nanofibrils (CNF) were prepared from never dried birch pulp from a Finnish pulp mill. The pulp was washed to sodium form [22] in order to control the ionic strength and counter ion type prior to disintegration. Next the pulp was fluidized using a fluidizer (Microfluidics, M-110Y, Microfluidics Int. Co., Newton, MA). For free-standing films, the pulp was circulated six times through the fluidizer, while for the thin films for QCM-D and CPM experiments, up to 20 passes were used. The carbohydrate composition of the pulp was 72,8% glucose, 25,6% xylose and 1,4% mannose and the charge was approximately 65 meq/g. The CNF is expected to have the same composition as the pulp. The zeta potential of the CNF was around 2-3 mV [23, 24] .
Spruce galactoglucomannan (GGM, Picea abies, Mw 60 kDa) was obtained from the process water of a Finnish pulp mill in an industrial-scale isolation trial after ethanol precipitation. Prior to use, the GGM was dissolved in water at 80°C and the solution was then cooled to room temperature, stirred overnight, and filtered using glass microfiber filters (Whatman, Scheicher & Schnell Cat No. 1820 125). The GGM sample was industrial grade with following sugar-and acid content in mole percent's: arabinose 3.4%, galactose 13%, glucose 18%, xylose 1.4%, mannose 58%, rhamnose 0.1%, galacturonic acid 4.1%, glucuronic acid, 4-O-methyl glucuronic acid 0.2%. The degree of acetylation was 14% [25] .
Guar gum (GG) was purchased from Sigma Aldrich (Lot#041M0058V, Pcode 10011170894). The molecular weight was !1000 kDa and total ash content <1%. 12 mM sodium phosphate buffer, pH 6.2 was used for the AFM and QCM-D experiments.
Hydrolysis and oxidation of GG
Guar gum (GG) was used after enzymatic modifications: partial hydrolysis and oxidation. The partial hydrolysis was performed with endo-1,4-b-mannanase (EC number 3.2.1.78, Lot 00803, from Aspergillus niger, 42 U/mg) from Megazyme (Wicklow, Ireland).
The partially hydrolyzed GG was prepared as explained in Lucenius, Parikka et al. [12] . GG was dissolved to obtain 1.0% (w/v) solution in 0.1 M sodium acetate buffer, pH 5, and endo-1,4-b-mannanase was added (0.6 mU/mg of GG). The solution was incubated in a water bath for 4 h at 40°C, followed by heating at 100°C for 10 min to inactivate the enzyme, after which the samples were centrifuged at 5000 rpm and the supernatant was collected, freeze dried and used for the studies. Hereafter the names of the samples are abbreviated as follows: partially hydrolyzed GG (GGhyd) and hydrolyzed, low oxidized GG (GGhydLox) and highly oxidized GG (GGhydHox). Size exclusion chromatography (SEC) (OHpak SB-806 M HQ, 8 Â 300 mm, exclusion limit 2 Â 10 7 , Showa Denko, Ogimachi, Japan) was used to characterize the molar mass of GGhyd [26] . GGhyd was dissolved in 0.1 M NaNO 3 . Molar mass was calculated using a dn/dc value of 0.15 ml/g. The molar mass of hydrolyzed GG was approximately 30 kDa and the hydrodynamic radius of the sample (R h ) was 4.7 nm.
The partially hydrolyzed GG (GGhyd) was then oxidized by Galactose oxidase (GO; G7400, 3685 U/g, Lot# 05K8601, Sigma-Aldrich St. Louis, MO, U.S.A, Fig. 1 ). Catalase (from bovine liver, C30, 22,000 U/mg, Lot# 20M7008V, Sigma-Aldrich St. Louis, MO, U.S.A.), and horseradish peroxidase (P8250, type II, 181 U/mg, Lot# 20M7008V, Sigma-Aldrich St. Louis, MO, U.S.A.) were used to catalyze the reaction. The dosage of the enzymes was based on the approximate amount of galactose present in the GG sample, 1.50 U of GO, 150 U of catalase, and 0.9 U of HRP/mg of galactose. The 1% (w/v) solution of GGhyd was stirred in the presence of the enzymes at +4°C for 48 h. The enzymes were inactivated by heating the sample up to 90°C.
The degree of oxidation of GGhydLox was determined with gas chromatography mass spectrometry (GC-MS) by a method explained in detail in [26] . The degree of oxidization of GGhyd used for the synthesis of GGhyd grafted with PEG (GG-g-PEG) was ca. 30% for galactosyl residues and 15% for total carbohydrates. In the other experiments, GGhyd was used as prepared and with a variation of 28-30% degree of oxidation of total polysaccharides.
Synthesis of GG-g-PEG
Poly(ethylene glycol) monomethyl ether (mPEG), with an average molar mass of 5000 g/mol was obtained from Sigma-Aldrich Lot# BCB665776V. The hydroxylamine derivative of mPEG was synthesized according to a method described previously [27] . Diisopropyl azodicarboxylate (212 ml) was added dropwise to a mixture of mPEG (2.0 g), N-hydroxyphtalimide (194 mg), and PPh 3 (312 mg) in dry dichloromethane (CH 2 Cl 2 )(10 ml) under nitrogen (N 2 ) atmosphere, and stirred for 24 h at RT. The solution was transferred to a bigger container and 250 ml of diethyl ether (Et 2 O) was added, precipitating a white solid. After stirring the mixture for 20 min, the precipitate was collected by filtration and washed with three ca. 50 ml portions of Et 2 O. The product was dried under reduced pressure. All chemicals were of analytical grade, if not otherwise stated.
The presence of the N-hydroxyphtalimide moiety was confirmed by 1 .76 (m, 2H). The product was then dissolved in CH 2 Cl 2 (10 ml) and the phtalimide moiety was cleaved by adding hydrazine hydrate (70 ml) and stirring the mixture for 24 h at RT. A precipitate formed and the mixture was filtered. The solution containing the product was concentrated and dried under reduced pressure. The cleavage was confirmed by 1 H NMR [27] ; 400 MHz CDCl 3 : d 3.4 (3H, s), 3.5-3.9 (PEG chemical shifts) (supplementary data, Fig. S2 ). To conjugate the product with GGhydLox ( Fig. 1 ), GGhy-dLox (1.0 g, degree of oxidation 15%, ca. 0.0083 mol of aldehydecontaining galactosyl residues) was dissolved in 300 ml of 0.25 M sodium phosphate buffer (pH 5.8). The mPEG derivative (4.2 g; 0.00083 mol) was then added and the mixture stirred for 24 h. The product was then stored at 4°C for further experiments. The formation of the oxime bond was confirmed by 1 H NMR [28] ; 400 MHz D 2 O): d 3.3 (s, 3H), 3.4-4.2 (overlapping GG and PEG chemical shifts), 4.8-5.1 (GG chemical shifts), 6.8 (d, 0.1H), 7.5 (d, 0.5H) (supplementary data, Fig. S3 ). According to the comparison of the integral of the methoxy singlet to the combined integrals of the two oxime doublets the conversion to the oxime was ca. 65% The degree of substitution with PEG moieties was estimated to be about 10%. GG-g-PEG was mixed with CNF suspension similarly as with other polymers in [12] .
Preparation of free standing films
The CNF obtained after 6 passes through the fluidizer was diluted to 0.44% w/w suspension, and 0.84 g dry mass was used for each CNF film. The amount of CNF was the same in all composites. Low concentrations were used to avoid aggregation. For the preparation of composites films, additional polysaccharide was added to the CNF gel in concentrations of 2% and 10% of the dry mass of CNF and stirred and mixed according to the procedure described by Lucenius et al. [12] . The films were then wetpressed and hot-pressed at 100°C sequentially according to the method developed by Österberg, Vartiainen et al. [29] .
Preparation of thin CNF films
Thin CNF films were deposited on QCM-D crystals (Biolin Scientific) by spin-coating as described in [30] . The crystals were first rinsed with Milli-Q water for 8 min, dried with nitrogen gas and cleaned in an ozonator (UV Ozone Cleaner-ProCleaner, Bioforce Nanosciences) for 20 min. After the cleaning, the crystals were immersed in polyethylene imine 1 g/L solution (PEI Mw, 50 000-100 000, Sigma Aldrich) for 1 h. The non-attached PEI was then washed away by gentle rinsing with Milli-Q water. The crystals were dried again with nitrogen gas and spin coated (WS-650 SX-6NPP/LITE Lavrell technologies corporation, North Wales, USA), first with water (30 s) and then with CNF dispersion (1 min) at 3000 rpm [31] . The crystals were then dried in an oven at 80°C for 20 min. Prior to the measurement, the CNF covered crystals where swollen with water in Petri dishes for 1 h. The CNF used to prepare thin films was similar to the one used to make free standing films, except that it was fluidized more extensively (up to 20 passes through the microfluidizer). 1.5 g CNF hydrogel (1.7% dry matter content) was first diluted with 12 ml of Milli-Q water and the solution ultrasonically defibrillated for 5 min (Branson Digital Sonifier D-450 for, 25% amplitude) to disperse the individual fibrils. The resulting CNF was then centrifuged (Beckman counter Optima Ultra centrifuge L-90 K, USA, New Boston) at 10400 rpm for 45 min, and top 5 ml of the supernatant (1.3 g/L) was used for spin coating
Quartz crystal microbalance with dissipation monitoring (QCM-D)
QCM-D is a very sensitive technique where the adsorption of a material on a quartz crystal is measured from the shift in the resonance frequency of the quartz crystal. The basic relationship between frequency shift and the absorbed mass is given by the Sauerbrey equation:
where C is a device sensitivity constant (0.177 mg/m 2 ) for a quartz resonator at 5 MHz, and n is the number of the frequency overtone. The Sauerbrey equation holds exactly only for rigid, sufficiently thin adsorbed layers and underestimates the absorbed massed in the case of viscoelastic films. However, this treatment was considered sufficient for the samples studied, as it gives realistic behavior for the adsorbed mass curve and the values are accurate enough for relative comparison between samples. The viscoelastic nature of the adsorbed films cannot be determined from the frequency response alone. Thus, the dissipation of oscillator energy was measured simultaneously. The dissipation factor is defined as Eq. (2)
where E lost is the energy lost during one oscillation cycle and E stored is the total energy stored in the oscillator. Low and high dissipation factors indicate rigid and viscoelastic adsorbed films, respectively. The viscoelasticity can also be quantified by plotting dissipation as a function of frequency difference and calculating the slope of the resulting curve. The steeper the slope is, the more viscoelastic the adsorbed layer [32] . 0.1% polysaccharide solutions were prepared and stirred for several hours. The solutions were filtered through 1 mm glass filters and then diluted to concentrations of (300 ± 50) mg/L. All the solutions were fresh and prepared the same day of the measurements. First, a flow of sodium phosphate buffer passed through the QCM-D chambers until a stable baseline was reached. Then the polysaccharide solutions were injected in the system at 100 ml/min for more than 1 h. Finally, the QCM-D chambers were rinsed with buffer for at least 1 h to remove loosely attached polysaccharides. At least two parallel measurements were carried out with exactly the same conditions.
Colloidal probe microscopy
Friction and surface forces between the cellulose surfaces and polysaccharide layers were measured in 12 mM sodium phosphate buffer utilizing a MultiMode 8 AFM (Bruker, Santa Barbara, CA) with the colloidal probe technique [33, 34] . The AFM was equipped with a NanoScope V controller and a PicoForce scanner. Tipless CSC12 and CSC38 probes (MikroMasch, Weztlar, Germany) were used in the force experiments. The lateral and vertical spring constants of the probes were determined by analyzing the thermal vibrations with the NanoScope 8.15 software and by using Sader's equations [35] . Values in the ranges 0.032-0.104 N/m and 1.0 Â 10 9 -2.45 Â 10 9 NÁm/rad were obtained for the vertical and lateral spring constants, respectively, for multiple experiments. After spring constant determination, the colloidal probes were prepared by gluing cellulose spheres with a radius of 14-19 mm at the end of the probes using a micromanipulator (Narishinge, Japan) and an UV-light curing adhesive (Norland Products Inc., Cranbury, USA). The dimensions of the colloidal probes were measured with a Leica DM400 optical microscope (Leica Microsystems, GMbH, Germany).
Friction and force measurements were carried out in two different regimes: (1) , between the cellulose colloidal probes and polysaccharide layers previously adsorbed on CNF-coated QCM-D crystals; and (2), between the cellulose colloidal probes and CNFcoated QCM-D crystals before and after the adsorption of polysaccharides in situ in the AFM liquid cell (polysaccharide adsorption time of at least 50 min). For surface force measurements, the interacting surfaces were approached until contact and separated at a speed of 2 mm/s. The surface forces were calculated from the vertical deflection and vertical spring constant of the probes, and they were normalized by the radius of the colloidal probe. In friction force measurements, the colloidal probe slid over the flat substrate at a speed of 10 mm/s. The friction forces at 11 different applied loads (loading and unloading) were obtained from the lateral twist (average of 10 friction loops) and the lateral spring constant of the probes. The friction coefficients were obtained from the slope of the friction force-versus-applied load plots. The mean values of the friction coefficients from three measurements on three different spots of each sample and standard errors of the mean are provided.
Friction and force measurements were carried out on at least three different spots of each sample. At least 11 force curves were recorded on each spot before and after the corresponding friction measurement. The force and friction data were analyzed using For-ceIT, FrictionIT and Matlab R1014b software. Representative force and friction curves are presented in this article. Both short and intermediate models were fitted simultaneously using a nonlinear least squares algorithm in Matlab Ò with the interaction scale, brush length and intermediate cut-off as fitting parameters; for the interaction scale, the only free variable is the area per charge.
Mechanical strength of free standing films
The CNF and CNF-polysaccharide free standing films were conditioned for at least 3 days at 23°C and 50% RH before testing. Measurements of mechanical strength in both the dry and wet state were performed. The wet strength measurements were performed after 24 h soaking in Milli-Q water. The tensile mechanical properties of the films were measured using a MTS 400/M vertical tester (MTS System Corporation, Eden Prairie, USA), with a 200 N load cell (Adamel Lhomargy serial num. 115341, MTS). Bone shape strips with dimensions of 50 mm long, 5.3 mm wide and 60 ± 5 mm thick, were cut according to the procedure described in [36] . Before the tensile tests, the thickness of each film was measured at three different spots with a paper thickness meter (Lorentzen & Wettre, Kista, Sweden). The average thickness of these three different measurements was used to normalize the measured force when calculating the tensile stress. The grip distance was 40 mm and the testing velocity 0.5 mm min À1 . At least 5 parallel samples were tested and error bars illustrates the standard error of the mean value. The adjustable speed accuracy was 0.1% and the resolution for the crosshead displacement 0.01 mm.
Results and discussion
Adsorption of modified and unmodified hemicelluloses on CNF
The adsorption of modified and unmodified hemicelluloses on CNF model surfaces was studied by QCM-D. Fig. 2 shows the adsorption of hydrolyzed GG (GGhyd), hydrolysed oxidized GG (GGhydHox, degree of oxidation 24% total polysaccharide), GG-g-PEG, and GGM on CNF model surfaces measured by QCM-D. All the tested polysaccharides adsorbed well on CNF, but with different adsorption rates (Fig. 2a ). The fastest adsorption was observed for GGhydHox, which had a higher affinity for CNF than GGhyd. The adsorbed GGhydHox layers were also the most dissipating ones (Fig. 2b) . Unlike GGhyd, GGhydHox was observed to form gels (results not shown), indicating some crosslinking between the oxidized molecules, which could explain the higher adsorbed mass and different (more dissipative) layer conformation observed in the QCM-D experiments. The presence of grafted PEG chains on the molecule decreased the adsorption rate (but not the final adsorbed mass) on CNF and yielded less dissipative adsorbed layers than GGhydHox. GGM had good affinity for CNF, forming more rigid (less dissipative) adsorbed layers than the other polysaccharides, probably due to its smaller water uptake. It has previously been found that aerogels from CNF and GGM can retain their shape in water [37] , supporting the probability that GGM decreases the water sensitivity of CNF materials. Hydrolyzed GG was measured for comparison. The adsorbed mass of hydrolyzed GG was a bit lower than for other polysaccharides, due to its lower molecular weight. The effect of oxidation on the molecular weight of GG has been studied earlier [38] ; the oxidation always increased the Mw and led to an increase in viscosity. In all cases, partial detachment of the polysaccharides from the CNF films was observed after rinsing with buffer ( Fig. 2a) .
Generally, it has been noted that, in its natural state, hemicellulose adsorbs irreversibly both on nanocellulose and on other hemicelluloses [3] . Also it has been noticed that although the molecular weight of the hemicellulose molecules affect the adsorption behavior, the side groups of the hemicellulose play a crucial role.
The adsorption behavior observed for GGM in this work is, in general, well in line with previous studies, in spite of the difference in GGM origin and molecular weights [39, 17, 40] . Eronen et al. observed that GGM adsorbed on both softwood and hardwood CNF in water with similar adsorption profiles as in Fig. 2 , including partial detachment after rinsing [39] . Nevertheless, the GGM adsorbed masses were lower than in the present study, probably affected by the lower GGM concentration used in their experiments (100 mg/L vs. 300 mg/L). Lozhechnikova et al. noticed that GGM modification by the attachment of hydrophobic tails (fatty acids or polydimethylsiloxane) did not prevent adsorption on CNF [40] . Compared to our results, similar adsorbed masses and partial detachment after rinsing were reported for their unmodified GGM. On the other hand, TEMPO-oxidation of GGM has been shown to affect the adsorption on CNF: the adsorption of highly oxidized GGM was remarkably lower than unmodified GGM in water, but not in 0.1 M NaCl [17] . Unlike TEMPO oxidation, which introduces carboxyl groups to GGM, the enzymatic oxidation applied to GGhyd in our work enhanced the polysaccharide adsorption on CNF. Adsorption profiles on CNF qualitatively similar to the ones for GGM have also been observed for xyloglucan, which is another nonionic polysaccharide [39] . The adsorption of GG and GG degraded by acid hydrolysis (GG deg ) on CNF was also studied by Eronen et al. in 10 mM acetate buffer, pH 4.5 [23] . The adsorption and dissipation curves of GG deg on CNF were quite similar to the ones for GGhyd obtained in our work, in spite of the different preparation method and molecular weight of the polysaccharides. Unmodified GG has been reported before not to improve the tensile strength of CNF composites [12] , and therefore, it was not considered interesting for further study here.
Anionic, highly charged carboxymethyl cellulose (CMC) and a derivative prepared by grafting PEG chains to CMC (CMC-g-PEG) have been shown to adsorb on CNF in acetate buffer, pH 4.5 [41] . The corresponding adsorbed masses (2.3 mg/m 2 and 1.75 mg/m 2 for CMC and CMC-g-PEG, respectively) were clearly lower than for the nonionic (or residually charged) GG-g-PEG studied here, indicating that the polymer charge influences the adsorption on slightly anionic CNF. The adsorbed CMC and CMC-g-PEG layers were also more dissipative than the GG-g-PEG ones, showing that CMC and CMC-g-PEG adsorbed on CNF in a more extended, waterswollen conformation than GG-g-PEG. Another anionic hemicellulose, xylan, was also observed to have some affinity for CNF but also to form water-swollen, dissipative layers due to the repulsion between negative charges [41] .
Interaction forces between cellulose and hemicellulose
In order to better understand the cellulose-cellulose, cellulosehemicellulose, and hemicellulose-hemicellulose interactions during the formation of composite films, the surface forces between the cellulose surfaces and different polysaccharide layers at micro/nanoscale were measured by colloidal probe microscopy. The measurements were carried out with two different setups. Cellulose-hemicellulose interactions were measured between cellulose colloidal probes and polysaccharide layers (GGhydHox, GG-g-PEG and GGM) previously adsorbed on CNF-coated QCM-D crystals. Cellulose-cellulose and hemicellulose-hemicellulose interactions were measured between cellulose colloidal probes and CNF-coated QCM-D crystals before and after the adsorption of polysaccharides (GG-g-PEG, GGM) in situ, in the AFM liquid cell.
A representative approach force curve between the cellulose surfaces (a cellulose colloidal probe and a CNF thin film before polysaccharide adsorption) is presented in Fig. 3 . That force curve is well described by DLVO theory, as previously observed [42, 43, 41] . According to DLVO theory, the interaction force between a planar surface (CNF film) and a spherical particle (colloidal probe) of radius R can be described as the sum of the double layer repulsion and van der Waals attraction:
where A is the Hamaker constant for cellulose in water, 8 .0 Â 10 À21 J [44] , e 0 is the permittivity of vacuum, e r is the relative permittivity of water, w eff is the (effective) surface potential, and j is the inverse of the Debye length, which can be defined according to Debye-Hückel theory as:
where I is the ionic strength of the buffer, k B is the Boltzmann constant, T is the temperature and q is the electron charge [45] . Eq. (3) satisfactorily fits the approach force curve between bare cellulose at separations between 5 and 18 nm for 12 mM buffer (j % 0.4 nm À1 at room temperature). Representative approach force curves for the interaction between cellulose surfaces after the in situ adsorption of GGM and GG-g-PEG are also presented in Fig. 3 . Those force curves show a very long range repulsion-clearly different from DLVO prediction-due to electrosteric forces arising from the compression of the polysaccharide layers. Electrosteric forces are forces that are due to both electrostatic and steric repulsion. The observed repulsion was well described by the polyelectrolyte brush model, [46, 47] where two regimes at short and intermediate separation can be distinguished:
where L is the thickness of the brush layer (brush length), d 2 Nf is the area per charge of the brushed surfaces, c buf is the concentration of the buffer, and N A is the Avogadro's constant. The intermediate repulsion cut-off separation is D*. These equations apply for the case where both surfaces are covered with polyelectrolyte brushes. In the case of force curves between a bare cellulose colloidal probe and polysaccharide layers previously adsorbed on CNF films (Fig. 4) , Eqs. (5) and (6) can be used after replacing 2L with L. The corresponding brush lengths L obtained in the fits are presented in Tables  1 and S1 . The polyelectrolyte brush model has previously been applied to describe the interactions between surfaces coated with xylan, a negatively charged hemicellulose [46] . Although the polysaccharides used in this work are considered nonionic, the raw materials are known to have some impurities that provide a low residual charge. For example, GGM raw material contains 4% galactoglucoronic acid, 1% glucoronic acid, 0.2% 4-o methyl glucoronic acid and also other sugars like 1% xylose [25] . GG is known to contain 5-6% proteins [48] , and its oxidation generates carboxyl groups that give a small residual charge. Parikka et al. [38] reported that 90-100% of galactosyls convert to carboxyl groups, when the total oxidation degree of the sample was 28-40%. The residual charge of GGM and GG justifies the use of the polyelectrolyte brush model to fit the force data.
Comparison of the mechanical tests indicated that longer polysaccharide brushes seemed to be beneficial for the macroscopic tensile strength and toughness of the cellulosehemicellulose composites. In the samples adsorbed in situ in AFM the average brush length was 1.8 times higher for GGM compared to GG-g-PEG. Also for the samples pre-adsorbed in QCM-D, the average brush length was lowest for GG-g-PEG with a clear difference to GGhydHox which had a 1.3 times higher value for average brush length. The effect of compression of the polymers can be seen as an increase in the slope of the approaching force curves ( Figs. 3 and 4) . The electrosteric repulsion dominates the interactions between polysaccharide-polysaccharide layers and between cellulose-polysaccharide layers, preventing the detection of van der Waals forces, in line with previous works [42, 46] .
As can be seen in Table 1 , the values of L were larger when the polysaccharides were adsorbed in situ ( Fig. 3 ) than when they were preadsorbed (Fig. 4 ). In the former case, the adsorbed polymer layers were never dried during the force experiments, while, in the latter case, the substrates with the adsorbed polysaccharide were rinsed and dried under flowing nitrogen after the corresponding QCM-D adsorption experiment, a procedure that collapsed the brushes to some extent; they did not regain the same extended conformation upon rewetting.
While negligible adhesion was observed between bare cellulose surfaces upon retraction, a weak adhesion was detected between polysaccharide-polysaccharide and cellulose-polysaccharide layers ( Fig. S4 and Table S2 ). Thus, the average percentage of force curves showing adhesion (and the corresponding maximum pull-off forces) were the following: 60% ± 10% (À0.05 mN/m) and 20% ± 5% (À0.06 mN/m) for GGM -GGM and cellulose -GGM, respectively; about 6% (À0.07 mN/m) and 35% ± 12% (À0.07 mN/ m) for GG-g-PEG -GG-g-PEG and cellulose -GG-g-PEG, respectively; and 70% ± 10% (À0.07 mN/m) for cellulose -GGhydHox. Although the maximum pull-off forces were quite similar for all the systems, the probability of adhesion was in general higher for GGM and GGhydHox than for GG-g-PEG in the polysaccharide-polysaccharide interaction setup (adsorption in situ in AFM).
The interaction forces between cellulose surfaces coated with CMC and CMC-g-PEG have been previously measured by Olszewska, Junka et al. [41] . The electrosteric repulsion generated by CMC adsorption was pH-dependent due to the carboxylic groups of the polymer. The grafting of PEG chains of 2 kDa molecular weight (smaller than the 5 kDa PEG chains used in this work) remarkably increased the magnitude and range of the electrosteric repulsion in that case. Both the charge of the backbone polymer (highly charged CMC versus nonionic or residually charged GG) and the PEG grafting density (higher for CMC-g-PEG than for GGg-PEG) are crucial factors that explain why much stronger electrosteric repulsions were observed between CMC-g-PEG layers than between the GG-g-PEG layers in this study. The range of forces was much larger than for the films with hemicelluloses. This is because GGM and GGhydHox are neutral polymers and CMC is charged. Xylan on CNF has been studied previously [46] and surface forces followed the polyelectrolyte brush force model and the adhesion was small, similarly as in our hemicellulose composites.
The method how the hemicellulose was adsorbed and how the sample was dried had relevant effects on the results. As the surfaces dry, the range of force decreases. The range of forces was much smaller for the dried films with hemicelluloses. The CNF surfaces had always been dried before the adsorption of hemicellulose or force and friction measurements in AFM. However, the shape of force curves stayed relatively the same. The measured forces from CNF and hemicelluloses are small as the polymers are not highly charged.
Effect of adsorption of modified hemicelluloses on friction forces
Representative friction-versus-applied load curves between cellulose colloidal probes and CNF films before and after the adsorption of GGhydHox, GG-g-PEG and GGM are presented in Fig. 5 . All Table 1 Brush lengths of polysaccharide layers in different force experiments.
Sample
Adsorbed the studied polysaccharides lowered the friction coefficient between cellulose surfaces by 12-41%, either when they adsorbed on just one surface (Fig. 5a ) or on both ( Fig. 5b and c) . For instance, GGhydHox decreased the cellulose-CNF friction coefficient from 1.44 ± 0.12 to 0.97 ± 0.05 after adsorbing on CNF films, whereas GGM slightly reduced the cellulose-CNF friction coefficient from 1.15 ± 0.01 to 1.06 ± 0.02 after adsorbing on both the cellulose probe and the CNF film. The GG-g-PEG adsorbed in situ had the strongest lubricating effect, showing that even a very small amount of PEG chains affect friction. Rinsing with buffer to remove the non-properly attached polysaccharide molecules did not affect the lubrication provided by GGM and GG-g-PEG ( Fig. 5b and c) . Different friction forces and coefficients for cellulose-CNF were obtained when different cellulose colloidal probes were used. This phenomenon, probably due to differences in roughness between the cellulose probes, has been observed before [42] . In any case, there was a systematic decrease in both friction forces and friction coefficients after polysaccharide adsorption. The adsorption of polysaccharides did not change the roughness of the CNF films ( Fig. S5 ), but the thin, soft layer that they formed on the cellulose surfaces had some lubricating effect.
It must be noted that the lubrication effect of the polysaccharides studied in this work is moderate. A much more pronounced lubrication effect was previously observed for CMC-g-PEG [41] . In contrast to GG-g-PEG, the high charge of CMC favors the swelling of CMC-g-PEG layers (in a pH-dependent manner), leading to stronger electrosteric repulsions and very efficient hydration lubrication. Therefore, it can be concluded that the polymer charge, together with the PEG grafting density, plays a crucial role in polymer-mediated lubrication.
Mechanical properties of free standing cellulose films
Plant-based CNF is a renewable, biodegradable, abundant, and lightweight material with good mechanical properties and high surface area. Because of that, CNF is a very interesting material for applications like packaging or barrier films. Previously we reported that the addition of various polysaccharides can enhance the tensile strength of CNF composites [12] . Especially, the wet strength of CNF films was improved considerably using oxidized GG and unmodified GGM. Here we sought an explanation for this effect by correlating interfacial interactions with wet strength, and to further extend the study to composites including GG-g-PEG and PEG. Tensile strength, Young's modulus and toughness of CNF-PEG and CNF-GG-g-PEG composites in wet and dry state are compared to previously published values for CNF-GGhydHox and CNF-GGM composites ( Figs. 6 and S6) .
The mechanical properties of CNF composites depend on the strength of the nanofibers, which is affected by the crystallinity and the degree of polymerization, and the interfibrillar interactions (surface and friction forces). In pure CNF films, single fibrils are in contact with numerous other fibrils, held together by hydrogen bonds and van der Waals forces. The CNF used in this study was from a fresh batch, which produced stronger CNF films than measured earlier using an older batch ( Figs. 6 and S6) . Aging, therefore, seems to have detrimental effect on CNF properties, possibly due to the formation of aggregates that are difficult to redisperse, or a decrease in the strength of individual nanofibers from a reduction in the degree of polymerization and, consequently, on the mechanical properties of the composites. Hence, the references for each batch are shown in the figures. The addition of polysaccharides can affect the interactions between CNF fibrils both during (e.g. by facilitating the even distribution of fibrils) and after (e.g. by mitigating crack propagation under stress) composite formation, which has direct consequences on the macroscopic mechanical properties of the composites.
The addition of either GG or GGM to CNF has proven beneficial for composite toughness and tensile strength [49] , especially in the wet state [12] . In dry conditions (Fig. S6) , the tensile strength was improved by 60% and 50% with 2% addition of GGM, and of GGhydHox respectively. The toughness increased by 360% and 270% with GGM and GGhydHox, respectively, but no clear effect on the Young's modulus was observed. Considering that only a very small decrease in friction was observed between a cellulose bead and a pre-adsorbed polysaccharide coated CNF film, this increase is not due to a lubricating effect, in contrast to previous observations for highly anionic polysaccharides [43] . These data are in line with previous results obtained for stacked epoxy CNF films, where the addition of 2% GGM improved the tensile strength by 31% and toughness by 100% [50] . The improvement in mechanical properties of the CNF composites was most pronounced in the wet state, after soaking the samples in water for 24 h (Fig. 6 ). The tensile strength increased by 170% and 100%, and the toughness augmented by 250% and 170%, after adding 2% GGM and GGhyd-Hox, respectively. A moderate increase of 33% in the Young's modulus of the CNF composites in wet conditions was observed after adding the polysaccharides.
The addition of GG-g-PEG did not improve the mechanical properties of CNF composites in wet state, nor the addition of free PEG molecules (Fig. 6 ). Nevertheless, introducing GG-g-PEG in CNF composites provokes a slight increase in tensile strength, toughness and Young's modulus in the dry state ( Fig. S6 ). Effective mixing of the components and even distribution of fibrils are essential when preparing freestanding CNF composite films. The moderate lubrication provided by GG-g-PEG can facilitate the even distribution of CNF fibrils in the final composite, improving, to some extent, the mechanical properties in dry conditions. However, unlike GGhydHox, GG-g-PEG did not enhance the mechanical properties of CNF composites in wet state, suggesting that the presence of hydrated PEG chains is not beneficial in wet conditions. In line with our results, highly lubricating CMC-g-PEG has been shown to increase the strength of CNF composites in dry conditions [43] , but wet conditions have not been studied. Therefore, swelling (either due to polymer charge or hydration of hydrophilic molecules) has a negative effect on wet strength, as previous works have pointed out [51, 52] . On the other hand, stretching CNF composites with grafted PEG chains has been reported to facilitate fibril alignment and, consequently, to improve the dry state strength of CNF-based ribbons [53] in the direction of alignment. Here we confirmed that the simple mixing of CNF and PEG did not significantly improve the mechanical properties of CNF composites either in dry or wet conditions. Compared to GG-g-PEG, adsorbed GGM provided only moderate lubrication. The GGM layer had smaller water uptake, as can be seen by the lower dissipation at a similar change in frequency observed in the QCM-D adsorption experiments (Fig. 2) . The lower water uptake together with moderate lubrication of GGM could explain the improved mechanical strength and toughness of CNF-GGM composites both in dry and wet states. The enhancing effect of GGM on the mechanical properties of CNF gels has also been reported by Prakobna, Kisonen et al. [52] . A similar mechanism could also explain the improvement in mechanical properties imparted by GGhydHox. The dissipative nature of the GGhydHox adsorbed layer observed in QCM-D experiments could be due to the crosslinking and gel formation of GGhydHox on top of CNF films, and not swelling due to water uptake, explaining the positive effect on wet strength. In fact, hydrolyzed oxidized galactoglucomannans can form strong hydrogels and aerogels. Alakalhunmaa et al. observed that adding CNF improved the mechanical properties, but oxidized galactoglucomannas could actually form gels on their own [37] .
It is worth to mention the work by Mautner et al. [54] where they studied films made of different type of nanocelluloses, e.g. bacterial cellulose (BC), cellulose nanocrystals (CNC), and TEMPO oxidized-CNF. They noticed that nanocellulose mixtures have syn-ergistic effects on tensile properties. For instance, CNC can be used to fill the voids between larger BC ribbons in BC-nanopapers.
No common standards are available for testing different kinds of CNF films, which makes comparison of the results difficult, since the size of the specimen and the testing speed highly affect the results. We used relatively large samples, keeping practical applications in mind, such as in medicine (artificial skin or blood vessels), packing, sensors and electronics [13] . The ability to practically transfer the good properties of CNF materials to real samples is often questioned. Therefore, we did not want to optimize the testing setup to obtain high tensile strength results, but rather tested larger samples, although the risk of including defects is larger [9] .
The combined information about the viscoelasticity of the adsorbed polysaccharide layers, the surface forces suggesting a polyelectrolyte brush conformation of the polymers, and the effect on friction forces gave valuable information about how these water-soluble polysaccharides interact with cellulose. This can be used to understand the interactions between these components in the plant cell wall, and how these interactions affect the strength of hydrogels or composites made from these, enabling optimization of these properties.
Conclusions
The interactions between hemicellulose and cellulose nanofibrils (CNF) and fibers play an important role in the structure and mechanical properties of wood. The main aim of this work was to better understand these hemicellulose-cellulose interactions, and to correlate those interactions with the mechanical properties of CNF-hemicellulose composites. CNF is an abundant, natural, renewable, biodegradable material, and more economical than other possible fillers like graphene or carbon nanotubes. Thus, cellulose-hemicellulose composites were prepared by combining CNF with different modified and unmodified polysaccharides (GGM, GGhydHox, and GG-g-PEG). The affinities and interactions of CNF-polysaccharides were quantified by QCM-D and AFM colloidal probe microscopy, respectively, and the results were correlated to the mechanical properties of free-standing films in wet and dry state. Although all the polysaccharides tested adsorbed well on CNF, GGhydHox adsorbed with the fastest rate. The presence of grafted PEG chains on the hydrolyzed-oxidized guar gum molecule decreased the rate of adsorption on CNF. Compared to the adsorption of anionic carboxymethyl cellulose with grafted PEG chains (CMC-g-PEG) [41] , GG-g-PEG was observed to adsorb on CNF in a higher amount, and forming a less dissipative layer. Furthermore, repulsive interactions of lower range and higher friction were measured between GG-g-PEG coated cellulose substrates, showing the effect of the backbone polymer charge (anionic, highly charged CMC versus practically nonionic GG) on the adsorption on CNF, and on the corresponding surface and friction forces. On the other hand, the adsorption of GGM on CNF was, in general, well in line with previous studies [39, 17, 40] . GGM had good affinity for CNF, forming less dissipative adsorbed layers compared to the other tested polysaccarides, probably because of its smaller water uptake. The repulsive forces measured when approaching polysaccharide-coated cellulose surfaces were well described by the polyelectrolyte brush model, with longer brush lengths obtained for GGM than for GG-g-PEG. The polysaccharides studied lowered the friction coefficient between cellulose surfaces by 12-41% upon adsorption on one or on both interacting surfaces. In general, long-range repulsion and moderate lubrication correlated with improved mechanical properties of the composites in dry state, probably because the polysaccharide-mediated interactions facilitate the even distribution of CNF during composite formation. On the other hand, the polysaccharide's swelling (hydration) capacity negatively affected the strength of CNFbased composites in wet conditions. Thus, GGM, which did not bind as much water as GG-g-PEG, improved the wet strength of CNF films, but GG-g-PEG did not. Overall, the results shed light on how different types of polysaccharides adsorb on cellulose and how they affect the interfacial interactions. This enhances our understanding of the interactions between cellulose and hemicelluloses in the cell wall of plants as well as their interactions in hydrogels and composites enabling optimization of properties.
